6q12-22 is the second most commonly deleted genomic region in prostate cancer. Mapping studies have described a minimally deleted area at 6q15, containing MAP3K7/TAK1, which was recently shown to have tumor suppressive properties. To determine prevalence and clinical significance of MAP3K7 alterations in prostate cancer, a tissue microarray containing 4699 prostate cancer samples was analyzed by fluorescence in situ hybridization. Heterozygous MAP3K7 deletions were found in 18.48% of 2289 interpretable prostate cancers. MAP3K7 deletions were significantly associated with advanced tumor stage (Po0.0001), high Gleason grade (Po0.0001), lymph node metastasis (Po0.0108) and early biochemical recurrence (Po0.0001). MAP3K7 alterations were typically limited to the loss of one allele as homozygous deletions were virtually absent and sequencing analyses revealed no evidence for MAP3K7 mutations in 15 deleted and in 14 non-deleted cancers. There was a striking inverse association of MAP3K7 deletions and TMPRSS2:ERG fusion status with 26.7% 6q deletions in 1125 ERG-negative and 11.1% 6q deletions in 1198 ERG-positive cancers (Po0.0001). However, the strong prognostic role of 6q deletions was retained in both ERG-positive and ERG-negative cancers (Po0.0001 each). In summary, our study identifies MAP3K7 deletion as a prominent feature in ERG-negative prostate cancer with strong association to tumor aggressiveness. MAP3K7 alterations are typically limited to one allele of the gene. Together with the demonstrated tumor suppressive function in cell line experiments and lacking evidence for inactivation through hypermethylation, these results indicate MAP3K7 as a gene for which haploinsufficency is substantially tumorigenic. Modern Pathology (2013) 26, 975-983; doi:10.1038/modpathol.2012 published online 1 February 2013 Keywords: ERG; MAP3K7; prostate cancer
In prostate cancer a variety of chromosomal deletions occur frequently, whereas gains of chromosomal material and high-level amplification occur rarely in this tumor. 1, 2 Deletions of 6q12-22 have been described to occur in 22-62% of prostate cancers. [1] [2] [3] [4] [5] 6q12-22 deletions rank second in the list of frequent prostate cancer deletions after 8p11-21. 1, 2 Published studies mapping the 6q12-22 deletion suggest a small commonly deleted region on 6q15 with a length of 3-4 megabases (Mb). This area contains several genes with a known or suspected tumor suppressing function including MAP3K7, for which a tumor suppressive role for prostate epithelial cells has recently been demonstrated. 6 MAP3K7 is ubiquitary expressed and involved in various biological processes such as cell growth, differentiation and apoptosis. MAP3K7 exerts these effects by interacting with a number of different signaling pathways and activator molecules. [7] [8] [9] [10] For example, MAP3K7 can be activated by TGF-b and BMP. 8, 11, 12 MAP3K7 is one of the first kinases in the p38 and JNK signaling pathways. 8, 13, 14 MAP3K7 also has an important role in the balance between the BMP-and WNT-signaling pathways. 7, 15 The clinical effects of MAP3K7 alterations are unclear. Some studies associated this alteration with unfavorable phenotype, 4 metastasis 16 or decreased tumor recurrence. 3, 5 Others could not find clinically relevant associations or described associations with more benign tumor features. 5, 17 These studies included patient cohorts of 24-95 cases. To identify possible clinico-pathological associations of MAP3K7 deletions in prostate cancer, we analyzed a prostate cancer tissue microarray containing samples of 4699 patients. We also performed sequencing analyses and functional studies, to learn more on possible other mechanisms of MAP3K7 inactivation and its consequences. The data pinpoint MAP3K7 as a tumor suppressor gene with substantial clinical relevance in prostate cancer.
Materials and methods

Patients
A set of prostate cancer tissue microarrays was used in this study containing one tissue core each from 4699 consecutive radical prostatectomy specimens from patients undergoing surgery between 1992 and 2008 at the Department of Urology, and the Martini Clinics at the University Medical Center HamburgEppendorf. During this time span, all prostatatectomy specimens were completely embedded and sectioned according to a standardized protocol. 18 The tissue microarray manufacturing process was described earlier in detail. 19, 20 In short, one 0.6 mm core was taken from a representative tissue block from each patient. The tissues were distributed among 10 tissue microarray blocks, each containing 129-522 cores. The clinical and pathological data associated with these patients are given in Supplementary Table 1 . Clinical follow-up data were available for 4203 of the 4699 arrayed tumors. Median follow-up was 46.7 months ranging from 1 to 219 months. None of the patients received neo-adjuvant endocrine therapy. Additional (salvage) therapy was only initiated after biochemical relapse, the clinical end point of this study. Prostatespecific antigen (PSA) values were measured following surgery and recurrence was defined as a postoperative PSA of 0.2 ng/ml and increasing at first of appearance. Immunohistochemical data on ERG and Ki67 were available from previous studies. 21, 22 Fluorescence In Situ Hybridization Four micron tissue microarray sections were used for dual color fluorescence in situ hybridization (FISH). Before hybridization, sections were deparaffinized and proteolytically pretreated with a commercial kit (paraffin pretreatment reagent kit; Abbott Molecular, Wiesbaden, Germany), followed by dehydration in 70, 80 and 96% ethanol, air drying and denaturation for 10 min at 72 1C in 70% formamide-2 Â SSC solution. For MAP3K7 deletion analysis, a dual color FISH probe set was assembled. For MAP3K7 detection, two contiguous BAC probes (BAC RP3-470J8, BAC RP11-501P02; Imergenes, Germany) containing the MAP3K7 gene and an adjacent up-and downstream region measuring 338 kilobases (Kb) in total were spectrum greenlabeled. A commercial spectrum orange-labeled centromere 6 probe (#06J36-06; Abbott) was used as a reference. Hybridization was done over night at 37 1C in a humidified chamber, slides were washed and counterstained with 0.2 mmol/L 4 0 -6-diamidino-2-phenylindole in an antifade solution. For MAP3K7 deletion analysis, each tissue spot was carefully evaluated and the predominant signal counts were recorded for each FISH probe. Tissue samples were excluded from the analysis if a careful morphological and immunohistochemical (basal cell marker 34bE12; AMACR) suggested absence of clear-cut tumor cells in adjacent tissue microarray sections. Information from this section was also used to identify small cancer areas on tissue microarray spots. Tissue spots were also excluded from analysis if there was evidence for insufficient hybridization such as lack of MAP3K7 signals in all (tumor and normal) cells or lack of MAP3K7 signals in all tumor cells but absence of normal cells containing unequivocal MAP3K7 signals. Heterozygous deletion of MAP3K7 was defined as presence of fewer MAP3K7 signals than centromere 6 probe signals in 450% tumor nuclei. This threshold was selected because a good concordance was achieved between deletions identified in array CGH and by FISH using this approach in earlier studies analyzing PTEN. 22 Representative cases with and without MAP3K7 deletion are shown in Figure 1 .
MAP3K7 Mutational Analysis
Tissue specimens from 30 patients were selected if at least 70% tumor cells were present in the tumor MAP3K7 deletion in prostate cancer area of the paraffin tissue block. Two punches (0.6 mm in diameter, 5 mm long) were taken from tissue blocks in one large tumor-containing area using a hollow needle. Paraffin was removed with xylene and absolute ethanol. After digestion with proteinase K at 58 1C over night, DNA was isolated using a commercial kit (QIAmp DNA FFPE Kit, Qiagen, Hilden, Germany). All 17 MAP3K7 exons were amplified by PCR using the AmpliTaqGold polymerase (Applied Biosystems, Darmstadt, Germany). Primer sequences are given in Supplementary Supplementary Table S3 . Sequence variations were always validated in DNA derived from a second, independent PCR amplification.
SNP Array Analysis
A total of 72 snap-frozen prostate cancer samples with at least 70% tumor cell content and 5 prostate cancer cell lines (LNCaP, PC-3, BPH-1, DU-145, VCaP) were selected for SNP array analysis. DNA was isolated using a commercial kit (QIAamp DNA Mini Kit, Qiagen). Affymetrix SNP V6.0 arrays were used for copy number analysis. Fragmentation, labeling and hybridization of the DNA to the SNP arrays were carried out exactly as described in the Affymetrix V6.0 SNP array manual. A home-made genomic browser (FISH Oracle) was used to map all 6q12-22 deletions to the human genome reference sequence (Archive EnsEMBL release 54 -May 2009) and to define the minimally overlapping region of deletion. 23 
Cell Culture, Constructs and Lentivirus Production
The LNCaP, BPH-1, PC-3, DU-145, RWPE-1 and VCaP prostate cell lines were obtained and cultured according to the supplier's instructions (ATCC and Sigma). All cell lines have been periodically tested (every 3 months) for cell morphology, growth rate and gene expression. Following expression constructs were used: pWZL-Neo-Myr-Flag-MAP3K7, 24 PSG5L-HA-RB1, PSG5L-HA-PTEN, pLNGY. For depletion experiments, shRNA-expressing vectors based on lentiviral pLKO.1 construct and part of the RNAi Consortium (TRC) vector collection were purchased from Sigma-Aldrich. The shRNAs used included the mature sense sequences for MAP3K7:
0 and green fluorescent protein (GFP) 5 0 -CAACAAGATGAAGAGCACCAA-3 0 . Lentivirus supernatants were prepared after cotransfection into HEK-293T cells of a lentivirus vector plasmid with pVSV-G (expressing the VSV envelope protein) pREV and pRRE and (expressing lentivirus helper functions), as described previously. 25 Prostate cancer cells were transduced with lentiviruses expressing shRNAs directed against either luciferase or GFP (as a control) or MAP3K7. Transduced target cells were selected with puromycin (1.5 mg/ml). 
Western Blot Analysis
Cells were collected in SDS-PAGE loading buffer. Proteins were resolved on SDS gels, and then transferred to nitrocellulose membranes by western blotting. The following antibodies were used: anti-atubulin (Sigma-Aldrich, Germany), anti-MAP3K7 (Sigma-Aldrich).
RNA-Isolation and Taqman PCR
Total RNA was extracted using Trizol and RNeasy system (Macherey-Nagel, Germany). RNA was reverse transcribed using the High Capacity cDNA Archive Kit (Applied Biosystems). Real-time reverse transcriptase-PCR (RT-PCR) was performed as described previously. 26 For all other genes Assayon-Demand primer/probe sets supplied by Applied Biosystems were used (Assay IDs are available upon request). Relative expression was calculated by normalization to a selected housekeeper mRNA (GAPDH) by the DDCt method. 27 Colony Formation Assay BPH-1 and DU-145 prostate cells were plated at about 2 Â 10 5 in six-well plates. Cells were transfected with 4 mg of indicated cDNAs using Lipofectamine 2000 (Life Technologies, NY, USA). Thirtysix hours after transfection cells were cultured in medium containing puromycin (1.5 mg/ml). Medium was replaced every 2-3 days with fresh medium containing the selection drug. Drug-resistant colonies appearing about 2 weeks later were fixed with methanol, stained with Giemsa and counted.
Statistics
For statistical analysis, the JMP 8.0 software (SAS Institute, NC, USA) was used. Contingency tables were calculated to study association between MAP3K7 deletion and clinico-pathological variables, and the w 2 (Likelihood) test was used to find significant relationships. Kaplan-Meier curves were generated for PSA recurrence-free survival. The log-Rank test was applied to test the significance of differences between stratified survival functions. Cox proportional hazards regression analysis was performed to test the statistical independence and significance between pathological, molecular and clinical variables.
Results
Technical Issue
A total of 2289 of 4699 (48.7%) prostate cancer probes were successfully analyzed in this study. Analysis failed in 2410 tumors either because of lack of tissue spots in the tissue microarray section, absence of unequivocal cancer cells or because of faint or lacking FISH signals for centromere 6, MAP3K7 or both.
MAP3K7 Deletions
MAP3K7 deletions were found in 18.5% (423 of 2289) of all prostate cancers (Figure 1 ). All of these were heterozygous MAP3K7 deletions. Homozygous MAP3K7 deletions were not found. The relationship between MAP3K7 deletions and tumor phenotype and clinical parameters is summarized in Table 1 . MAP3K7 deletions were significantly linked to advanced tumor stage (Po0.0001), high Gleason grade (Po0.0001), high preoperative PSA serum level (P ¼ 0.0017) and presence of lymph node metastasis (P ¼ 0.0108). However, presence of MAP3K7 deletion was unrelated to the surgical margin status (P ¼ 0.13). MAP3K7 deletions were also significantly associated with early PSA recurrence ( Figure 2) . However, multivariate analysis including Gleason grade, pT category and surgical margins did not suggest MAP3K7 as an independent prognostic factor ( Table 2) .
Association of MAP3K7 to Other Molecular Markers
Results of MAP3K7 and ERG expression status could be compared in 2323 cancer samples. MAP3K7 deletion was strongly associated with ERG fusion negative tumors (26.7% vs 11.1%, Po0.0001). The prognostic relevance of MAP3K7 deletions hold for the ERG-positive and ERG-negative subgroups 
cancers (validated by FISH). Mutations of MAP3K7
were not found in any of these cases.
SNP Array Analysis
Deletions involving 6q were found in 22 of the 77 analyzed prostate cancer samples. The largest deletion spanned more than 43 Mb. The smallest common area of deletion marked a region of 2.1 Mb that were commonly deleted in 21 of 22 tumors with 6q15 deletions. This region contains the MAP3K7 gene and 11 other genes ( Figure 3 ).
Expression of MAP3K7 and its Tumor Suppressor Function In Vitro
SNP array analysis had revealed a 6q15 deletion spanning 4.3 Mb only in LNCaP, whereas BPH-1 and DU-145 had normal 6q15 copy numbers. Accordingly, mRNA expression analysis by RT-PCR had revealed a reduced expression of all analyzed genes involved in the 6q15 deletion including MAP3K7 in LNCaP cells as compared with BPH-1 (Supplementary Figure S1) . To study the effects of both shRNA-mediated MAP3K7 downregulation and ectopic overexpression on cell growth colony formation assay experiments were performed. The extent of MAP3K7 downregulation by Lentivirusmediated gene knockdown was validated both on the mRNA and protein level. Known essential (PTEN) and non-essential (RB1) tumor suppressor genes were included for control. Overexpression of MAP3K7 resulted in strong growth inhibition in BPH-1 and DU-145 cells comparable to the effects (Figure 4a, c) . Knockdown of MAP3K7 did not significantly interfere with cell growth (Figure 4b, d) . Taken together, these data are consistent with a role of MAP3K7 as a tumor suppressor in prostate cancer.
Discussion
These data show that MAP3K7 alterations are typically monoallelic and strongly linked to adverse clinical outcome and ERG negativity in prostate cancer. Data from our SNP array copy number analysis demonstrated a minimal commonly deleted region at 6q15 in prostate cancer containing 12 genes. This region is in the range of most previous studies reporting a small, commonly deleted area at 6q15 measuring between 0.8 and 4 Mb and containing 5-23 genes. [2] [3] [4] [5] Liu et al 4 identified an 817 Kb commonly deleted region that was affected in 20 of 21 tumors. The five genes located within this area (MDN1, CASP8AP2, GJA10, BACH2 and MAP3K7) are also part of the minimal commonly deleted region founding our study. All of these five genes have a known or suggested tumor suppressor function, 3, 5, 6, [28] [29] [30] but accumulating evidence suggested MAP3K7 as the 6q15 tumor suppressor in prostate cancer. [2] [3] [4] [5] [6] MAP3K7 was the only one of the five genes, which was found expressed at significantly lower levels in tumor cells as compared with normal prostate. 4 Moreover, a correlation between 6q15 deletion and decreased MAP3K7 expression was demonstrated in prostate cancers. 2 Data from our functional analyses are in line with a tumor suppressive function of MAP3K7 in prostate cancer. Moreover, Wu et al recently demonstrated a tumor suppressive function of MAP3K7/TAK1 in a shTAK1 prostate cancer mouse model system. 6, 31 Also considering the biological role of MAP3K7 as a regulator of cell growth, differentiation and apoptosis, 7-9 the evidence for MAP3K7 representing the relevant tumor suppressor gene on 6q15 is very strong.
The rate of heterozygous 6q15 deletions (18.5%) detected by FISH in our series of primary prostate cancers treated by prostatectomy is in the range of most previous studies reporting between 13 and 62% 6q15 deletion in localized and metastatic prostate cancers. [1] [2] [3] [4] [5] 16, 17 Most of these studies used LOH, 16, 17 classical metaphase-based CGH, 1 or array CGH. 2, 3, 5 Only one study used FISH with a probe specific for MAP3K7 and found a deletion in 32% of 95 tumors. 4 FISH represents the gold standard for the analysis of gene copy number changes. FISH enables a cell by cell analysis, making the method independent of a possible admixture of nonneoplastic cells and genomic cancer heterogeneity.
To fully exploit the strength of the FISH approach, stringent criteria were applied for assuring presence of cancer cells in each analyzed tissue spot and also for defining MAP3K7 deletions in our study. Although prostate cancer is notorious for its heterogeneity, it is unlikely, that relevant heterogeneity becomes visible within an area of 0.6 mm cancer tissue analyzed per tissue micorarray spot. We therefore assume that-at least in the vast majority of cases-MAP3K7 deletions should be present in either all or none of the tumor cells of one tissue microarray spot. Because some cells always lose some FISH signals due to nucleus truncation during tissue sectioning, a cutoff of 50% of tumor cells having less MAP3K7 than centromere 6 signals was selected in this project to define MAP3K7-deleted tumors with unequivocal clonally expansion of deleted tumor cells. The validity of our approach is supported by the observation of most deleted cases having 80% or more cells with fewer MAP3K7 than centromere 6 signals while cancers without deletion usually did not have 415% cancer cells with fewer MAP3K7 than centromere 6 signals. In an earlier study we had successfully validated this cutoff level by comparing PTEN deletions detected by FISH and CGH arrays and demonstrating a 100% concordance. 22 The evaluation of a possible relationship between MAP3K7 alterations and tumor phenotype or clinical outcome was a key element of our study. The large number of tumors included in our study enabled us to identify 423 tumors with MAP3K7 deletions. The strong link of MAP3K7 deletions with morphological parameters of high malignancy and early PSA recurrence suggest that a lost or reduced MAP3K7 gene product confers substantial malignant potential to prostate cancer cells. These findings are concordant with two earlier studies, suggesting a link between MAP3K7 deletion, or loss of heterozygosis (LOH) at 6q and high Gleason grade or metastatic tumors in studies on 95 and 51 prostate cancers. 4, 16 One study on 52 tumors could not find clinically relevant associations. 17 There were also two reports linking 6q15 deletions to a decreased risk of tumor recurrence in 24 and 55 patients. 3, 5 Our search for mechanisms leading to a complete inactivation of MAP3K7 in clinical prostate cancer samples did neither reveal MAP3K7 mutations nor any homozygous deletions. Whole genome sequencing studies of 7 common 32 and 11 early-onset prostate cancers (manuscript submitted) had also not suggested inactivating rearrangements of the MAP3K7 gene. Moreover, promoter hypermethylation of MAP3K7 was not found by next-generation sequencing in 11 prostate cancers (Christoph Plass, personal communication). The complete absence of homozygous MAP3K7 inactivation is remarkable as a parallel study of PTEN deletions had revealed that 60% of the deletions were homozygous in the same patient cohort. Many genes including several tumor suppressor genes are essential for normal and neoplastic cells and cannot be completely inactivated or only in case of activation of a parallel pathway. 33, 34 The list of such 'essential' tumor suppressor genes includes PTEN, PinX1 and NKX3.1. [34] [35] [36] [37] For example, PTEN can only be completely inactivated in tumor cells if a p53-mediated senescence is bypassed. 34 As our functional data did not show evidence for at least a low MAP3K7 expression being required of cell survival, it can be speculated that at least one of the immediately adjacent 6q15 genes might be essential for prostate cells.
The strong association of heterozygous MAP3K7 deletions with clinical features of prostate cancer in combination with absence of known mechanisms inactivating the second allele may suggest that MAP3K7 haploinsufficiency exerts a significant biological effect in prostate cancer cells.
Numerous genes have recently been described to contribute to cancer development and progression in case of haploinsufficiency. These include, for example, TP53, which is thought to be the most frequently mutated gene in cancer 38, 39 and, PTEN 40 and NKX3.1 41 in prostate cancer. It also seems possible, that the strong biologic/clinical effects of some of the large deletions in prostate cancer (and other tumors) are exerted by a combination of reduced expression of multiple genes.
6q15 deletions were about 2.5 times more frequent in ERG-negative as compared with ERG-positive cancers. This association was not due to a higher fraction of advanced tumors in the subset of ERG fusion-positive cancers, as stage and grade distribution was comparable in both subsets (Supplementary Table S5 ). These data indicate that a reduced function or inactivation of a gene on 6q15 might provide a selection advantage to ERG-negative tumor cells. Alternatively, it could be possible that 6q15 deletion prevents tumor cells from developing ERG fusions. Results of whole genome sequencing studies by us and others have demonstrated that mutations of various chromatin-regulating genes are involved in prostate cancer, demonstrating, that this gene category has a pivotal role in prostate cancer. 2, 32, 42, 43 It could therefore be speculated, that untimely activation or inactivation of chromatin modifiers may substantially impact a cells ability to develop rearrangements of activated genes. However, none of the 6q15 genes has a known role as a chromatin modifier. The identical prognostic impact of MAP3K7 deletions to ERG-positive and -negative tumors demonstrates at least, that the impact of this deletion on tumor cell properties driving aggressiveness is unaffected by ERG.
In summary, our data indicate that MAP3K7 deletions are strongly linked to adverse features of prostate cancer and to the subset of ERG fusionnegative cancers. The absence of homozygous MAP3K7 deletion, MAP3K7 mutations and promoter hypermethylation in all examined tumors suggests that MAP3K7 haploinsufficiency may contribute to cancer development and progression.
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